Using an in vitro ribonuclease protection assay, it was shown that synthetic antisense transcripts from the 5'-upstream region of the 3-tubulin gene are efficiently imported into isolated Leishmania mitochondria. Import occurred after a lag of about 30 min at 250C and was dependent on ATP. Preincubation experiments suggested that import consists of a slow interaction of mitochondria with RNA, followed by rapid ATPdependent uptake. Import was saturable with antisense RNA at about 1 nM concentration, and sequencespecific, as shown by lack of import of other labelled transcripts. Deletion analysis demonstrated a correlation between efficiency of import and the number of oligopurine motifs on the antisense RNA. Several small ribosomal RNAs (srRNAs) and Leishmania tRNA competed with antisense RNA for import. Incubation of mitochondria with srRNAs and tRNA in the presence of radiolabelled UTP resulted in the ribonuclease-resistant labelling of these RNAs by the mitochondrial terminal uridylyl transferase. Extracts of isolated mitochondria contain a factor binding to antisense RNA, as shown by gel retardation assay. These observations indicate the presence of a receptormediated import pathway for srRNAs and tRNA in Leishmania mitochondria.
INTRODUCTION
The majority of proteins of mitochondria and chloroplasts are not coded for by the organellar genome but synthesized in the cytoplasm and imported post-translationally into specific compartments by mechanisms involving import signals on the protein, receptors, import channels and soluble protein factors (reviewed in ref. 1). Additionally, recent studies indicate import of specific cytoplasmic tRNAs into yeast (2) and plant (3) mitochondria. The mechanism of RNA import is not understood, but the system suggests novel methods for mitochondrial gene targetting.
The mitochondrial genome of kinetoplastid protozoa such as Leishmania codes for a number of components of the respiratory chain and oxidative phosphorylation (4) . The primary transcripts EMBL accession no. X51821 of many of these genes are modified by RNA editing to yield mature mRNAs (5) . However, there are serious deficiencies in the mitochondrially-coded translation machinery. Kinetoplastmitochondrial ribosomal RNAs (9S and 12S) are among the smallest known, lacking many structural domains universally present in their eukaryotic and prokaryotic counterparts (6) (7) (8) . Furthermore, mitochondrial DNA does not appear to code for any tRNA genes (9, 10) , but mitochondria contain a large number of functional tRNAs, most of which are also present in the cytoplasm and are nuclear-coded (11) (12) (13) (14) . Therefore the case exists for large-scale import of tRNAs into kinetoplast-mitochondria. Recently, in vivo import of tRNATyr into Trypanosoma brucei mitochondria has been demonstrated (15) .
Previous experiments in this laboratory led to the identification of a sequence-specific RNA binding factor (TAS factor) in Leishmania which interacts with synthetic antisense transcripts from the 5'-untranslated region of the ,3-tubulin gene (16) . In the present report we show that Leishnania mitochondria contain TAS factor and that antisense transcripts, srRNAs and tRNA are imported into mitochondria in vitro, apparently utilizing the same receptor-mediated import pathway.
MATERIALS AND METHODS
Cell culture Promastigotes of Leishmania strain UR6 were cultured on bloodagar media as previously described (17) .
DNA clones and RNA probes Clones pSG3B, pSG3Q, pSG3P and pSG3S contain 25 bp of the Leishmania ,B-tubulin coding sequence and 53, 31, 27 and 20 bp, respectively, of the 5'-untranslated region, inserted in the dual transcription vector pGEM3Zf(+) or pSPT19 (16) . 32p-Labelled antisense RNAs of high or low specific activity were prepared from the linearized templates using phage T7 or SP6 RNA polymerase and [a-32P]UTP, as described (16) .
Preparation of small ribosomal and transfer RNAs Total promastigote RNA was passed through an oligo dT-cellulose column, and the poly A-fraction collected (18 Preparation of mitochondrial extracts Purified, washed mitochondria were collected by centrifugation and lysed with one-tenth the original volume of 10 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 20% glycerol and 0.5% Triton X-100. After incubation for 30 min on ice, the extract was clarified by centrifugation and stored at -70°.
Gel retardation assay 32P-Labelled pSG3B antisense RNA (2 fmol) was incubated with mitochondrial extract in the presence of 10 mM Tris -HCl, pH 7.5, 5 mM MgCl2, 2 mM DTT in a total volume of 10 ltl, for 30 min at 0°C. Heparin was added to 5 mg/ml and the reaction incubated for a further 10 min, before electrophoresis on a native 5% acrylamide gel, as described (16) .
RESULTS
Kinetics of import of antisense RNA into mitochondria Import of RNA into isolated mitochondria in vitro was assayed by incubating purified mitochondrial vesicles with 32P-labelled antisense RNA under appropriate conditions, digesting excess RNA with ribonucleases, followed by inactivation of nuclease, disruption of the vesicles, deproteinization and analysis of the protected material. (Fig. 2, lane 6) . However, no import occurred when ATP and RNA were preincubated before addition of mitochondria (Fig. 2, lane 7) . When mitochondria were incubated with ATP, then RNA was added, the amount imported was reduced by more than 90% (Fig. 2, lane 8) . These observations suggest that import consists of a slow interaction of mitochondria with RNA, followed by rapid ATP-dependent uptake. (Fig. 3) . Specificity of import 32P-Labelled 3-tubulin antisense RNA was imported, but the corresponding sense strand was not (Fig. 4, lanes 2,3) .
Transcripts from the cloned mini-exon-derived RNA gene (20) were not imported (Fig. 4, lane 5) . Thus the system is sequencespecific. Competition of antisense RNA import by small ribosomal and transfer RNA The specificity of the RNA import system was further examined by competition assays. Import of 32P-labelled antisense RNA was competed out by excess of the same RNA labelled to low specific activity (Fig. 6, lanes 1-3) b.
- ( Fig. 6, lanes 4-12) , as was Leishmania tRNA (Fig. 6, Association of TAS factor with mitochondria Extracts of purified mitochondria were incubated with 32p_ labelled antisense RNA. A heparin-resistant RNA:protein complex was detected by the gel retardation assay (Fig. 8) , showing the presence of TAS factor in mitochondria.
DISCUSSION
In this report we demonstrate the existence of an RNA import system in Leishmania mitochondria that has the hallmarks of a receptor-mediated process but differs substantially from the tRNA import system recentdy described in yeast (2) . In common with numerous other receptor-mediated phenomena such as hormone signalling or solute transport across plasma membranes, import of ,B-tubulin antisense RNA into Leishmania mitochondria is saturable with ligand ( Fig. 3) and specific, as shown by the lack of import of other labelled RNAs (Fig. 4) and by competition experiments (Fig. 5) . The nature of the titration curve further suggests that more than one import receptor, operating at about 0.01 and 1 nM RNA respectively, may be present.
Import of RNA occurs with a pronounced lag of about 30 min and is dependent on ATP (Figs 1, 2) . In these respects it resembles the yeast tRNA import (2) and mitochondrial protein import (22) (Fig. 2) ; in yeast, the corresponding step involves RNA and soluble factor (2) . The apparent differences in the two systems may be explained by the presence of a soluble vs. membrane-bound RNA binding protein acting as import receptor. A slow, ATP-independent binding of RNA to receptor is followed by rapid uptake in presence of ATP.
Although additional cytoplasmic proteins are not absolutely required in this in vitro system, in vivo the RNAs are probably imported as ribonucleoprotein particles. This possibility is currently under investigation.
The import signal on antisense RNA was analyzed with deletion clones. Progressive deletion of the region between -53 and -20 led to decrease in the efficiency of import (Fig. 5) . This region contains hexapurine repeats of the sequence GAAA A/G G (Fig.  5) . The number of intact repeats correlates with import efficiency, and also, as shown previously (16) , with the relative affinity of binding to TAS factor in solution. This observation, together with the presence of antisense RNA binding activity in mitochondria (Fig. 8) , implies that TAS factor acts as an RNA import receptor, but this should be confirmed by further experiments.
Whereas the import system in yeast mitochondria is apparently specific for cytoplasmic tRNA1LYs (2) , the Leishmania system appears to recognize a wide variety of cellular RNAs, including srRNAs, 5S RNA and tRNA. This was shown by their ability to effectively compete with antisense RNA for import (Fig. 6) . The imported RNAs also became labelled with UTP by mitochondrial TUTase,and this reaction was inhibited by antisense RNA (Fig. 7) . We have previously shown (16) that srRNAs and tRNA bind to TAS factor in solution. It seems reasonable to conclude that the TAS system mediates mitochondrial import of these RNAs. However, one discrepancy should be noted. Whereas both Leishmnia and yeast tRNAs bind with low affinity to TAS factor in solution and on Northwestern blots (16) , the homologous tRNA is a much more effective competitor of antisense RNA import than yeast tRNA (Fig. 6) , and while the former is post-import UTP-labeiled (Fig. 7) , the latter is not (data not shown). One explanation of these differences is the presence of distinct forms of TAS factor with different affinities for Leishmania and yeast tRNAs; alternatively, tRNA import may require sequences additional to those necessary for binding to TAS factor, and which are absent from the yeast species.
In view of the apparent requirement of oligopurine motifs for TAS factor binding (16) and mitochondrial import (Fig. 5) , available srRNA and tRNA sequences were examined for the presence of similar motifs. The 180 nt srRNA of trypanosomes (23) and crithidia (24) contains the homologous motifs GAAGGG, CGAGAGG and CGAAGGG within single-stranded (hairpin) regions. The 140 nt srRNA contains the sequence CGAGAG at position 18 (23) , while the sequence CGAAUG occurs in a bulge-loop starting at position 20 in trypanosome 5S RNA (25) . In L.tarentolae, tRNAnr and tRNATYr, both of which are imported, contain the motifs GGCAGAG and GGUAGAG, respectively, in the D-loop region, whereas a tRNAGIn species which is not imported, contains no such sequence (14) . Thus the small ribosomal and tRNAs share sequence motifs recognized by the mitochondrial import receptor.
Previously, Bakalara et al. observed that incubation of intact L. tarentolae mitochondria with exogenously added cytoplasmic RNAs led to their labelling by mitochondrial TUTase (21) . Our experiments reproduce this result (Fig. 7) , and show, additionally, that the labelled species is RNase resistant, i.e. imported. Small amounts of 5S RNA have also been detected by hybridization in L. tarentolae mitochondrial RNA (14) .
The demonstration of tRNA import in Leishmania mitochondria confirms previous studies based on comparative analysis of mitochondrial and cytoplasmic tRNAs, and hybridization (11) (12) (13) (14) (15) . Furthermore, our experiments for the first time show the import of nuclear-coded srRNAs in vitro. The significance of this latter phenomenon is unclear at present. Kinetoplastid srRNAs are derived by post-transcriptional processing of the cytoplasmic 28S rRNA precursor (23, 24) . Chloroplasts of Chlamydomonas (26) and higher plants (27) , and mitochondria of Paramecium (28) and Tetrahymena (29) also contain similarly processed srRNAs, but these are encoded in the organellar genomes. Given the association of trypanosomal srRNAs with cytoplasmic polysomes (30) , a role of these RNAs in mitochondrial translation is a possibility deserving further experimentation.
Regardless of functional significance, the TAS RNA import system may provide a novel means of targetting genes to Leishmania mitochondria for studies of organellar gene expression and regulation.
